ABSTRACT Certain Shiga toxin-producing Escherichia coli (STEC) strains are important causes of food-borne disease, with hemorrhagic colitis and, in some cases, hemolytic-uremic syndrome as the clinical manifestations of illness. Six serogroups and one serotype of STEC (O26, O45, O103, O111, O121, O145, and O157:H7) are responsible for the vast majority of cases in the United States. Based on recent data for all food commodities combined, 55.3% and 50.0% of the outbreaks of STEC O157 and non-O157 in the United States, respectively, are attributable to beef as a food source. Consequently, the U.S. Department of Agriculture, Food Safety and Inspection Service declared these organisms as adulterants in raw, nonintact beef. In North America, cattle are a major reservoir of STEC strains, with organisms shed in the feces and contaminated hides of the animals being the main vehicle for spread to carcasses at slaughter. A number of peri-and postharvest interventions targeting STEC have been developed, and significant progress has been made in improving the microbiological quality of beef in the past 20 years as a result. However, continued improvements are needed, and accurate assessment of these interventions, especially for non-O157 STEC, would greatly benefit from improvements in detection methods for these organisms.
Fecal, Hide, and Carcass Prevalence Is Correlated, and Hides Are the Major Vehicles of Contamination of Carcass Surfaces
The exposed surface of the hide and hair of cattle accumulates dust, dirt, and fecal material. Since the 1970s the hide has been recognized as the primary source of bacterial contamination of carcass surfaces, contamination that occurs during the process of hide removal at slaughter (13) . Many studies support this hypothesis and have led to the conclusion that the hide is the major source of carcass contamination by E. coli O157:H7 and non-O157 STEC (14) (15) (16) (17) (18) . Carcass surfaces coming in contact with droplets aerosolized from hides during removal were shown to contain higher counts of aerobic bacteria and Enterobacteriaceae and also a higher prevalence of pathogens (19) . E. coli O157:H7 has been isolated from up to 23% of air samples from hide removal areas, in contrast to 0% for air samples from evisceration and fabrication areas at different plants (19) . Aerosolization of droplets from hides occurs especially through the use of equipment and processes that remove the hide with considerable force, such as mechanical and hydraulic hide pullers.
Fecal, hide, and carcass prevalence of E. coli O157 is directly correlated, and most contamination is thought to occur from animals within the same lots (16, 20) . In one study, the frequency of E. coli O157:H7 or O157:NM in feces and on hides within groups of fed cattle from single sources (lots) presented for slaughter at meat processing plants in the midwestern United States was determined, as was the frequency of carcass contamination during processing from cattle within the same lots (16) . In that study, E. coli O157 prevalence was 28% in feces and 11% on hides. Carcass samples were taken at three points during processing: preevisceration, postevisceration before antimicrobial intervention, and postprocessing after carcasses entered the cooler. Of 30 lots sampled, 87% had at least one E. coli O157-positive preevisceration sample, 57% of lots were positive postevisceration, and 17% had positive postprocessing samples. Prevalence of E. coli O157 in the three postprocessing samples was 43%, 18%, and 2%, respectively. Reduction in carcass prevalence from preevisceration to postprocessing suggested that sanitary procedures were effective within the processing plants.
Most E. coli O157 strains that contaminate carcasses originate from animals within the same lot going to slaughter. Evidence for this was provided in a study that compared pulsed-field gel electrophoresis (PFGE) patterns of isolates from feces, hides, and carcasses (20) . Approximately 68% of E. coli O157 isolates from carcasses had the same PFGE pattern as those from feces and hides. On individual carcasses, isolates recovered before evisceration matched 65.3% of those recovered after evisceration. Also, on individual carcasses, 66.7% of the isolates recovered in the cooler matched those recovered before evisceration. PFGE genotyping confirmed that the majority of E. coli O157 found on the carcass is the result of preevisceration contamination. Hence, the data indicated the need to apply additional in-plant intervention strategies aimed at preventing direct contamination of the carcasses early in processing.
In a study in which beef carcass sponge samples were collected at four large processing plants in the United States, 53.9% of preevisceration samples and 8.3% of postprocessing samples were positive for non-O157 STEC (21) . Altogether, 361 non-O157 STEC isolates were recovered, belonging to 41 different O serogroups. O serogroups that previously had been associated with human disease accounted for 49% of the isolates. The significant decrease in prevalence of STEC detected from preevisceration to postprocessing was attributed to the various interventions in place, viz., steam vacuum, hot water, organic acids, and steam pasteurization.
In another study of fed beef cattle harvested at three midwestern beef processing plants, the prevalence of E. coli O157:H7 in samples was 5.9% in feces, 60.6% on hides, 26.7% on dehided carcass surfaces prior to the preevisceration wash, and 1.2% on carcasses sampled at chilling (postintervention) at concentrations of approximately <3.0 cells per 100 cm 2 (15) . Somewhat different results were found for the prevalence of E. coli O157:H7 and non-O157 STEC in feces and hides. The highest E. coli O157:H7 prevalence in feces was detected in the summer, and the highest on hides was from spring through fall. In contrast, non-O157 STEC prevalence in feces was lower in the summer and higher in the spring and fall and also peaked in the fall on hides. The efficiency in the recovery of non-O157 STEC could have influenced these results. The prevalence of Shiga toxin gene (stx)-positive bacteria as detected by PCR was, in descending order, 96.6% on carcasses prior to evisceration, 92.0% on hides, 34.3% in feces, and 16.2% on carcasses after interventions. The approximate concentration of non-O157 STEC and stx-positive cells on postintervention carcasses was ≥3.0 cells per 100 cm 2 for only 4% of carcasses. Pathogen prevalence on hides may reflect several sources of contamination, such as soils, feces from other animals, and possibly lairage. However, these results further confirmed that hides were the major source of contamination for beef carcasses and that postharvest interventions used by the beef industry were effective.
The hide-level prevalence of STEC has been shown to increase as a result of commingling cattle, e.g., in pens, sales barns, trucks, and lairage at the abattoir, in several studies (22) (23) (24) . The effect of commingling on hide-level prevalence during lairage at the abattoir was demonstrated experimentally with nonpathogenic bacteria carrying antibiotic-resistant markers (viz., E. coli K-12 and Pseudomonas fluorescens) (22) . At the abattoir, the initial prevalence of animals positive for the hide marker (11.1%) inoculated at unloading increased to 100% on hides before skinning and to 88.8% on skinned carcasses. In addition, another marker inoculated on environmental surfaces in lairage pens, races, and the stunning box was detected on 83.3% of hides before skinning and 88.8% of skinned carcasses. These results demonstrated that both the livestock market process and the unloading-to-skinning process at abattoirs can facilitate the extensive spread of microbial contamination on hides, not just within, but also between, batches of animals.
The significant role of cross-contamination of hides at the abattoir has also been demonstrated by characterization of the phage and verocytotoxin (Shiga toxin) types of isolates (24) . The majority of cattle (84%) were found to have subtypes of STEC O157 on their hides that had not been found previously in any animal from the farm of origin, strongly suggesting that contamination occurred once animals had left the farm of origin. Several variables and factors were found to be strongly associated with cross-contamination of cattle hides at the univariate level: commercial transport to slaughter; transport with other animals; use of a crush (restraining crate used when reading ear tags); line automation; and increasing slaughterhouse throughput.
Studies on the effects of transportation on hide contamination with STEC O157 have yielded variable results. Although transport stress may possibly lead to immunosuppression (25) , and transport and fasting are believed to increase fecal shedding of STEC O157 (23, 26, 27) , other studies have found that transport of cattle had no influence on shedding (28) (29) (30) . Stanford et al. (31) concluded that transportation did not affect prevalence of hide contamination with E. coli O157, and the feedlot pen prevalence had a greater effect on hide contamination at the slaughter plant than transportation factors, including temperature-humidity index, loading density, and duration of transport.
POSTHARVEST STEC PREVALENCE
The United States Department of Agriculture (USDA), Food Safety and Inspection Service (FSIS) in October 1994 declared E. coli O157:H7 an adulterant in raw ground beef, and began a sampling program to test for this organism in raw ground beef prepared in federally inspected plants and retail stores. In January 1999, the FSIS expanded that declaration to include nonintact beef, such as mechanically tenderized or reconstructed products (32) . Based on STEC isolates submitted to the CDC from 1983 to 2002, six O groups comprising 13 serotypes were identified as the cause of 71% of non-O157 STEC disease in the United States (6) . The six O  serogroups, O26, O111, O103, O121, O45, and O145, were responsible for 22, 16, 12, 8, 7, and 5% of cases,  respectively. Serotypes included O26:H11 or nonmotile  (NM); O45:H2 or NM; O103:H2, H11, H25, or NM;  O111:H8 or NM; O121:H19 or H7; and O145:NM.  On September 20, 2011, the USDA-FSIS declared O26,  O45, O103, O111, O121 , and O145 adulterants in certain raw beef products (33) .
In response to the need for uniform detection methods for STEC in meat products, the USDA-FSIS published preferred methods in the Microbiology Laboratory Guidebook (MLG). The most recent MLG specifies different protocols for O157:H7 and non-O157 STEC that involve screening of samples by real-time PCR or lateral flow device (in the case of O157:H7), and if positive, culture procedures that involve selective enrichment broth, immunomagnetic separation, chromogenic agar plating, agglutination testing, and subsequent confirmation steps. The past 2 decades of research have resulted in the development of effective reagents and methodologies for detection, isolation, and identification of STEC O157:H7. In contrast, immunological reagents have only recently become commercially available for non-O157 STEC, and although DNA-and culture-based protocols have been developed, investigators have reported difficulty in their detection (34, 35) . Part of the problem is the lack of biochemical differences between non-O157 STEC and other E. coli strains, in contrast to the relatively unique clone of O157:H7 that was responsible for most outbreaks of illness worldwide. In addition, six times as many serogroups are being targeted, and within some of these serogroups the organisms are biochemically diverse.
According to the most recent FSIS MLG for detection of E. coli O157:H7 from meat, confirmation of the sample as positive requires cultural isolation of the organism, biochemical identification of the isolate as E. coli, and on this isolate, serological or genetic (PCR) detection of O157, and detection of at least one of the following: Shiga toxin production, stx, or the H7 gene. Similarly, according to the most recent MLG for detection of non-O157 STEC, confirmation of a sample as positive requires cultural isolation of the organism, biochemical identification of the isolate as E. coli, and on this isolate, serological (agglutination test) and genetic (PCR) detection of O26, O45, O103, O111, O121, or O145, and genetic (PCR) detection of both the stx and intimin (eae) genes.
Bosilevac and Koohmaraie conducted a large-scale study to determine the prevalence and virulence gene characteristics of non-O157 STEC in commercial ground beef samples in the United States (36) . A total of 4,133 samples were cultured; of these samples, stx was detected in 1,006 (24.3%) and STEC in 300 (7.3%). A total of 338 unique STEC isolates that belonged to 99 different serotypes were obtained from these samples; the most frequent serotype identified was O113:H21. Only six isolates qualified as FSIS-defined adulterants; four were O103:H2, one was O26:H11, and one was O26:H21. Only four other isolates that were deemed pathogenic STEC were detected, based on a PCR screen for a number of virulence genes, and these isolates came from enrichments that were negative for the intimin gene (eae). The FSIS MLG for non-O157 STEC involves classifying a sample as negative and not subject to further testing if it screens negative by real-time PCR for eae. Of the six isolates that classified as adulterants, a number of them (although O group, stx and eae positive) lacked other virulence factors associated with severe disease. The authors noted that, "narrowly focusing on only the described top six STEC serogroups poses the problem of identifying numerous isolates of little pathogenic concern while missing other significant pathogenic STEC serogroups, especially since nearly one-third of pathogenic STEC strains are not within the top six serogroups." Clearly, improved methodologies are needed for the accurate testing of meat samples for non-O157 STEC.
PERI-AND POSTHARVEST INTERVENTIONS
USDA-FSIS Directive 7120.1 (http://www.fsis.usda.gov /OPPDE/rdad/FSISDirectives/7120.1.pdf) provides a list of "Safe and Suitable Ingredients Used in the Production of Meat, Poultry, and Egg Products." Table 1 includes those antimicrobials approved for use in beef, including hides, carcasses, primals, subprimals, cuts, ground beef, sausages, cooked product, ready-to-eat, and other products. Most of these antimicrobials are chemicals, but they also include biologicals (e.g., bacteriophage for use on hides, and food-grade bacteria such as Lactobacillus sp. and other genera). Although approved for use, efficacy of these antimicrobials is not a requirement for inclusion in this list. Many studies testing the efficacy of different antimicrobials against STEC on hides, carcasses, parts, and products have been published; however, they would need to be approved for use by the USDA-FSIS before they could be implemented in plants. Several hide and carcass interventions discussed below were developed to reduce STEC contamination of beef carcasses and processed beef. Reductions in the prevalence of E. coli O157:H7 on hides are directly correlated with lower carcass prevalence rates (14, 37) . In form of spray, wash or dip on surface of meat and poultry products Blend of citric acid and sorbic acid
To reduce microbial load of purge trapped inside soaker pads in packages of raw whole muscle cuts of meat Blend of lactic acid, citric acid, and potassium hydroxide Beef carcasses, heads, and organs including unskinned livers, tongues, tails, primal cuts, subprimal cuts, and trimmings Blend of salt, sodium acetate, lemon extract, and grapefruit extract Ground beef, cooked, cured, comminuted sausages (e.g., bologna), and RTE whole muscle meat products; beef steaks Blend of salt, lactic acid, sodium diacetate, and mono-and diglycerides Various nonstandardized RTE meat products and standardized meat poultry products that permit use of any safe and suitable antimicrobial agent Mixture of hops beta acids, egg white lysozyme, and cultured skim milk
In dressing used in refrigerated meat salads Mixture of maltodextrin, cultured dextrose, sodium diacetate, egg white lysozyme, and nisin preparation In salads, sauces, and dressings to which fully cooked meat will be added Acidified sodium chlorite Meat carcasses, parts and organs; processed, comminuted, or formed meat products (including RTE) Ammonium hydroxide
Beef carcasses (in hot boxes and holding coolers) and boneless beef trimmings Anhydrous ammonia Ground beef Bacteriophage preparation (E. coli O157:H7 targeted)
On hides of live animals in holding pens prior to slaughter Bacteriophage preparation (E. coli O157:H7 targeted)
Red meat parts and trim prior to grinding Calcium hypochlorite Red meat carcasses down to a quarter of a carcass; in water used in meat processing; beef primals Chlorine dioxide Red meat carcasses down to a quarter of a carcass; in water used in meat processing; beef primals Chlorine gas
Beef trimmings prior to grinding and beef subprimals; bologna in edible casing; fully cooked meat products in impermeable and permeable prestuck casings; separated beef heads and associated offal products (e.g., hearts, livers, tails, tongues); in brine to cool fully cooked RTE meat products: sausages and similar products in natural casings Citric acid
In meat products (e.g., beef injected with cultured substrates) and RTE meat products (e.g., hot dogs and luncheon meat). Cultured substrates are not intended for use in infant formula or foods Cultured substrates that are produced by the fermentation of natural food sources such as dairy sources, fruit-and vegetable-based sources, and others; substrate is fermented to organic acids by individual microorganisms including Streptococcus thermophilus, Bacillus coagulans, Lactobacillus acidophilus, and others
In enhanced meat and poultry products (e.g., beef injected with a solution) and RTE meat products (e.g., hot dogs) Cultured sugar (derived from corn, cane, or beets)
In enhanced meat products (e.g., beef injected with a solution) and RTE meat products (e.g., hot dogs) Cultured sugar and vinegar (derived from corn, cane, or beets)
For use in water applied to beef hides, carcasses, heads, trim, parts, and organs 1,3-dibromo-5,5-dimethylhydantoin (DBDMH)
In casings and on cooked (RTE) meat products Egg white lysozyme Red meat carcasses down to a quarter of a carcass To adjust the acidity in various meat products A blend of citric acid, hydrochloric acid, and phosphoric acid
In casings and on cooked (RTE) meat products Hops beta acids
In water or ice used for processing meat products; in water or ice, used as either spray or dip, for meat (hides on or off) Hypobromous acid Livestock carcasses prior to fabrication (i.e., pre-and postchill), offal, and variety meats; beef subprimals and trimmings; beef heads and tongues Lactic acid RTE cooked sausages (e.g., frankfurters, bologna, etc.) and cooked, cured whole muscle products; nonstandardized comminuted meat products (e.g., beef patties), ground beef, and raw whole muscle beef cuts Lactic acid bacteria mixture consisting of Lactobacillus acidophilus (NP35, NP51), Lactobacillus lactis (NP7), and Pediococcus acidilactici (NP3)
Beef carcasses and parts
Lactoferrin
Fresh cuts of meat, nonstandardized RTE comminuted meat products and standardized RTE comminuted meat products that permit the use of any safe and suitable antimicrobial agent Lauramide arginine ethyl ester (LAE), silicon dioxide, and refined sea salt Fresh cuts of meat, nonstandardized RTE comminuted meat products and standardized RTE comminuted meat products that permit the use of any safe and suitable antimicrobial agent LAE dissolved at specified concentrations in either propylene glycol, glycerin, or water to which may be added a polysorbate surface active agent RTE meat products; ground beef LAE Cooked, RTE meat products containing sauces; meat soups; in casings and on cooked (RTE) meat Nisin preparation
Frankfurters and other similar cooked meat sausages Blend of encapsulated nisin preparation, rosemary extract and salt Cooked (RTE) meat sausages and cured meat products Blend of nisin preparation, rosemary extract, salt, maltodextrin, and cultured dextrose Cooked (RTE) meat sausages and cured meat products Blend of nisin preparation, rosemary extract, salt, and sodium diacetate As part of a carcass wash applied prechill Organic acids (i.e., lactic, acetic, and citric acid)
All meat products Ozone Meat carcasses, parts, trim, and organs Peroxyacetic acid, octanoic acid, acetic acid, hydrogen peroxide, peroxyoctanoic acid, and HEDP Process water for washing, rinsing, cooling, or otherwise for processing meat carcasses, parts, trim, and organs Mixture of peroxyacetic acid, hydrogen peroxide, acetic acid, and HEDP Process water for washing, rinsing, cooling, or otherwise for processing meat carcasses, parts, trim, and organs Combination of two aqueous mixtures (FCN 323 and FCN 880) of peroxyacetic (peracetic) acid, hydrogen peroxide, acetic acid, and stabilizer HEDP Red meat carcasses, parts, and trim Aqueous mixture of peroxyacetic acid, hydrogen peroxide, acetic acid, HEDP, and sulfuric acid Water or ice for washing, rinsing, cooling, or processing whole or cut meat including carcasses, parts, trim, and organs Mixture of peroxyacetic acid, hydrogen peroxide, acetic acid, and HEDP In process water or ice for washing, rinsing, storing, or cooling of processed and preformed meat products Aqueous mixture of peroxyacetic acid, hydrogen peroxide, acetic acid, and HEDP In process water used for washing, rinsing, cooling or otherwise processing meat carcasses, parts, trim, and organs Aqueous mixture of peroxyacetic acid, hydrogen peroxide, acetic acid, and HEDP In process water or ice used for washing, rinsing, cooling or processing whole or cut meat including parts, trim, and organs Aqueous mixture of peroxyacetic acid, hydrogen peroxide, HEDP, and optionally sulfuric acid Red meat carcasses, parts, trim, and organs Aqueous mixture of peroxyacetic acid, hydrogen peroxide, HEDP, dipicolinic acid, and sulfuric acid Use as a spray, rinse, dip, chiller water, or scald water for raw meat carcasses, parts, trim, and organs Mixture of peroxyacetic acid, hydrogen peroxide, acetic acid, HEDP, and water Various meat products which permit addition of antimicrobial agents, e.g., hot dogs (continued)
Hide Interventions
It has been surmised for some time that contamination on the hide of cattle was the primary source of carcass contamination with enteric pathogens; therefore, numerous reports investigate the possibility of cleaning the hide before removal. Byrne et al. (38) reported in a study conducted in Ireland that washing cattle with a powerhose for 3 min would remove all visible fecal contamination and reduce the presence of E. coli O157:H7 inoculated onto the hide. However, it was reported that the wash did not significantly reduce the numbers of E. coli O157:H7 transferred from the hide to the carcass during slaughter/dressing procedures. However, Nou et al. (39) demonstrated that prevalence of E. coli O157:H7 could be significantly reduced on carcasses by removing bacterial contamination on the hide before removal.
Several studies evaluated the effectiveness of incorporating sanitizers into hide washes to reduce the potential spread of pathogens from the hide to carcass surfaces. Mies et al. (40) investigated the implementation of a commercial cattle hide wash system that evaluated water washes, 0.5% lactic acid (LA), and 50 ppm chlorine and reported that bacterial numbers actually increased after the treatments. A number of studies investigated the efficacy of different hide sanitization treatments, some of which have been commercialized, for reducing E. coli O157:H7 numbers. Baird et al. (43) inoculated beef hide sections with bovine fecal slurries and treated them with various potential wash sanitizers. The authors reported that the greatest reductions in coliform counts on the hide sections resulted from treatment with 1% cetylpyridinium chloride (CPC), 2% LA, and 3% hydrogen peroxide (4.5, 4.1, and 3.9 log 10 CFU per 100 cm 2 , respectively). In an investigation of several different potential hide sanitizer treatments, Carlson et al. (44) reported that 2.4% potassium cyanate, 6.2% sodium sulfide, and 1.5% sodium hydroxide followed by highpressure washing with 0.02% chlorinated water caused the greatest reductions in numbers of E. coli O157:H7, achieving reductions ranging from 4.8 to 5.1 log 10 CFU per cm 2 . Bosilevac et al. (37) tested a water wash plus CPC treatment as a hide intervention when applied to cattle in the holding pens of a commercial processing plant. Cattle were washed with water the day before harvest, and before stunning, were sprayed with 1% CPC. Hides and carcasses after hide removal but before evisceration were sampled to determine aerobic plate counts (APC), EBC, and E. coli O157 prevalence. The prevalence of E. coli O157 on hides was reduced by 18% (from 56 to 34%) and that on carcasses prior to evisceration by 20% (from 23 to 3%). On preevisceration carcasses, APC were decreased by approximately 77,000 CFU per 100 cm 2 and EBC by approximately 1,150 CFU per 100 cm 2 . It was concluded that this treatment has great potential and deserves further evaluation.
One of the more novel approaches to prevent contamination on the hide from reaching the carcass surface during slaughter/dressing was published by Antic et al. (45) .The Serbian investigators coated cattle hides with a solution of food-grade resin (shellac) in ethanol, hypothesizing that the immobilization of bacteria on the hide would reduce transmission of bacteria to the carcass. The shellac-based treatment was reported to have successfully reduced hide-level E. coli O157:H7 prevalence by 3.7 log 10 CFU per cm 2 .
Another novel approach to reduce STEC contamination on the hide is the application of bacteriophage (46) . One product has received approval in the United States for use on the hides of live cattle in the holding pens 1 to 4 h before slaughter and hide removal, and specifically targets E. coli O157:H7.
Chemical Dehairing
Chemical dehairing is a process patented by Bowling and Clayton (47) that involves treatment of the hide with a sodium sulfide solution, followed by a hydrogen peroxide solution and water washing. Treatment with sodium sulfide solution dissolves and removes hair and extraneous matter from the skin surface, and hydrogen peroxide neutralizes the pH. Additional steps, e.g., water rinse prior to the sodium sulfide or additional neutralization steps, may be involved, depending on the protocol. The first studies evaluating chemical dehairing as a hide intervention were conducted by Schnell et al. (48) . This study involved 10 grain-fed steers or heifers to be dehaired and 10 controls that were slaughtered and dressed without dehairing. Excised hide samples from conventional and dehaired carcasses were analyzed for APC, total coliform counts (TCC), and E. coli biotype I counts. Dehairing reduced the amount of visible contamination on beef carcasses, but dehaired cattle had significantly higher TCC (P<0.05) and no significant difference in APC or E. coli counts from that of conventionally slaughtered cattle. The authors hypothesized that the lack of reduction in APC and E. coli could have been the result of aerosol, human, and equipment contamination in the facility.
Castillo et al. (49) found that a chemical dehairing process significantly reduced APC, TCC, and E. coli, as well as E. coli O157:H7 and Salmonella enterica serovar Typhimurium on artificially inoculated hide pieces. Pieces of hide (4 cm 2 ) were contaminated with bovine feces containing both rifampicin-resistant E. coli O157:H7 and serovar Typhimurium to yield approximately 5.0 log 10 CFU/cm 2 of each pathogen, or with noninoculated feces, which produced an approximate final APC of 6.0 log 10 CFU/cm 2 and a coliform and E. coli count of 5.0 log 10 CFU/cm 2 . Counts of pathogens, APC, coliforms, and E. coli were conducted before and after chemical dehairing. Chemical dehairing significantly reduced serovar Typhimurium and E. coli O157:H7 populations from 5.1 to 5.3 log 10 CFU/cm 2 to <0.5 log 10 CFU/cm 2 , and reduced APC, coliforms, and E. coli counts by 3.4, 3.9, and >4.3 log 10 CFU/cm 2 , respectively. The authors concluded that since the hide is a major source of fecal contamination of beef carcass surfaces, chemical dehairing may be beneficial in reducing overall contamination of carcasses.
Nou et al. (39) tested the efficacy of chemical dehairing on reducing the prevalence of E. coli O157:H7 and other bacteria on the surfaces of preeviscerated beef carcasses from which hides had been removed. Hides were sampled immediately after stunning, before exsanguination or any antimicrobial intervention, to confirm that bacterial loads were not significantly different between the control and treatment groups. Carcasses were sampled immediately after hide removal and before evisceration. Total APC and EBC on hides in both control and treatment groups were not significantly different. Preevisceration carcasses processed after chemical dehairing had approximately 2 logs lower APC and EBC compared with those processed by conventional procedures (P<0.0001). In addition, the prevalence of E. coli O157:H7 was lower on chemically dehaired (1%) than control (conventionally processed) preevisceration carcasses (50%, P<0.05). The data indicated that chemical dehairing of cattle hides is an effective intervention to reduce the incidence of hide-to-carcass contamination with E. coli O157:H7 and potentially other pathogens. However, although chemical dehairing was found to be an effective hide intervention, the industry has not considered it feasible to implement (18).
Alternatives to Chemical Dehairing and CPC
Hide interventions proven to significantly reduce carcass contamination in processing facilities include chemical dehairing, CPC washing, and a 65°C sodium hydroxide wash followed by a water rinse (50) . Because CPC is not yet approved for use in beef processing plants, Bosilevac et al. (50) tested other chemicals and antimicrobial compounds on hides that are approved for use in beef processing plants, albeit for carcass and boneless beef trim decontamination. In vitro experiments were conducted on cattle hides to evaluate 4% trisodium phosphate, 4% phosphoric acid, 1.6% sodium hydroxide, and 4% chlorofoam (chlorinated alkaline detergent containing 1,200 ppm free chlorine at pH 7.0) as washes. A rinse step, consisting of water or acidified chlorine, was used following all wash treatments. These wash treatments reduced hide coliform counts by 1.5 to 2.5 log 10 CFU per 100 cm 2 . An online hide-wash cabinet that delivered a sodium hydroxide wash and a chlorinated (1 ppm) water rinse reduced APC and EBC on hides by 2.1 and 3.4 log 10 CFU per 100 cm 2 , respectively, and reduced the prevalence of E. coli O157 on hides from 44 to 17%. This hide washing procedure further resulted in a reduction of APC and EBC on carcasses before evisceration by 0.8 log 10 CFU/100 cm 2 , and E. coli O157 prevalence from 17 to 2%. These results provided further evidence that decontamination of hides also significantly reduces contamination of carcasses during processing.
The efficacy of hypobromous acid (HOBr) as a hide intervention was studied (51) . Hides after removal from carcasses at a beef processing plant were sprayed with 220 or 500 ppm of HOBr. HOBr at a concentration of 220 ppm significantly reduced bacterial counts (APCs, total coliforms, and E. coli) on hides by 2.2 log CFU/100 cm 2 (51) . HOBr at a concentration of 500 ppm significantly reduced these bacterial counts by 3.3, 3.7, and 3.8 log CFU per 100 cm 2 , respectively, demonstrating a dose effect with HOBr. It was concluded that a HOBr wash would reduce the pathogen prevalence and concentrations of spoilage bacteria on hides and decrease the risk of carcass contamination.
CARCASS, PRIMAL, SUBPRIMAL, AND TRIM SURFACES Water Rinsing
Empey and Scott (52) reported that washing carcasses with cold water reduces their bacterial populations (13) . However, Bell (53) found that cold water carcass washing was ineffective in removing microbial contamination and tended to bring about a posterior to anterior redistribution of microbial contamination, resulting in increased counts at forequarter sites. Patterson (54) found that beef carcasses treated with a steam and hot water spray (80 to 96°C) for 2 min had significantly reduced bacterial numbers compared to untreated carcasses.
Hot water treatments of beef carcasses to reduce E. coli O157:H7 and other bacteria applied through a model carcass spray cabinet were tested by Castillo et al. (55) . Paired hot carcass surface regions with varying fat characteristics were inoculated with bovine feces containing 10 6 CFU bacteria per g. Carcass surfaces then were exposed to a warm water wash followed or not by a hot (95°C) water spray, which raised the carcass surface temperature to 82 to 85°C in 1 to 2 sec. The effect of time between the application of feces and water treatment was also evaluated. Warm water wash followed by hot water spray provided mean log reductions per cm 2 of 3.7, 2.9, 3.3, and 3.3 of E. coli O157:H7, APC, coliform, and thermotolerant coliform counts, respectively. Carcass surface region, but not an increase in time (30 min) before treatment, affected the efficacy of hot water treatments. This study also resulted in the conclusion that coliform counts may be used to verify the efficacy of hot water interventions used as critical control points in a hazard analysis critical control point (HACCP) system.
Steam and Steam Vacuuming
The use of steam-vacuum systems instead of knife trimming for physical removal of small areas of fecal contamination from beef carcasses was approved by the FSIS in 1996 (56). Steam-vacuum systems deliver 82 to 88°C water via spray nozzles at the carcass surface while the vacuum removes any loose material. Commercial steam-vacuum systems have been reported to reduce total bacterial populations and populations of E. coli O157:H7 on beef carcass surfaces by 3.0 and 5.5 log 10 CFU/cm 2 , respectively (57, 58) . Steam vacuuming has been implemented in most beef processing plants in the United States at various stages in the slaughter or dressing process (18) . Knife trimming and steam vacuuming of visible contamination in localized areas of the carcass surface have been reported to be useful for pathogen reduction. In addition, application of steam vacuuming is commonly applied to areas of the carcass surface believed to be "hot spots" (e.g., hide removal pattern lines). These techniques, however, cannot be used efficiently for the entire carcass (59) and are intended for spot treatment only. Although the technology has been reported to be successful in reducing carcass contamination (57, 58, 60) , a report by Castillo et al. (61) (61) evaluated a steam-vacuum system designed to be a spot-cleaning method for removal of fecal contamination on the surface of carcasses and subsequent reduction of E. coli contamination of hot beef carcasses. The efficacy of accompanying treatments, which included hot (95°C) or warm (55°C) water, 2% LA spray, or combinations of both methods, was also assessed. In this study, 0.025 g of bovine fecal material was used as a vehicle to deliver contaminating bacteria to a 5-cm 2 area on three specific regions of hot carcass surfaces, viz., the outside round, brisket, and clod. These regions were removed from the rest of the carcass before inoculation, but the "hot" carcass temperature was maintained by placing the meat in insulated containers. It was reported that all treatments significantly reduced the numbers of APC, EBC, total coliforms, thermotolerant coliforms, and E. coli on beef carcass surfaces. However, steam vacuuming alone resulted in significantly smaller reductions than those obtained by a combination of steam vacuuming with any subsequent sanitizing treatment. Steam vacuuming reduced the number of different indicator organisms tested by ca. 3.0 log cycles; however, it was also observed that the treatment spread the bacterial contamination to areas of the carcass surface adjacent to the contaminated sites. This relocated contamination was most effectively reduced by treating the area with a combination of hot water followed by LA.
The application of steam to carcass surfaces was shown by Dorsa et al. (57) to be effective for carcass decontamination, and these authors, with Frigoscandia, subsequently developed commercial cabinets for application of steam, calling the treatment "steam pasteurization." Phebus et al. (62) designed an experimental steam pasteurization chamber for laboratory testing and reported reductions of E. coli O157:H7 and certain other bacterial pathogens by 3.4 to 3.7 log cycles on hot beef carcass surfaces. However, steam pasteurization alone showed no greater reductions than other treatments such as knife trimming or steam vacuuming. Nutsch et al. (63) conducted evaluations of commercial steam pasteurization application in a beef processing plant. Carcasses were treated with a preliminary water wash, followed by passing through air blowers to eliminate excessive humidity that would favor steam condensation. The carcasses were then passed, treated with steam within a chamber, followed by transfer to another section of the cabinet where cold water was applied. After treatment, it was reported that APCs were reduced on carcasses from initial counts of 2.1 to 2.2 log 10 CFU/cm 2 to 0.6 to 0.8 log 10 CFU/cm 2 . Counts of E. coli were also reduced from original counts of 0.6 to 1.5 log 10 CFU/cm 2 to undetectable levels after 6 or 8 sec of steam treatment.
Organic Acids and Miscellaneous Sanitizers
Various studies evaluated the efficacy of organic acids for sanitizing whole carcass sides (13, 60, 64) , and over time LA became the most commonly used organic acid for carcass decontamination in commercial practice. Many processors implemented LA washes on preevisceration carcasses and final carcass sprays before carcasses entered the cooler. Although the most common application of LA is currently on hot carcass surfaces, Castillo et al. (65) reported that the treatment is also effective, although to a lesser degree, on chilled carcass surfaces. Kotula and Thelappurate (66) reported that APC and E. coli counts increased more rapidly on untreated steaks than on steaks treated with acetic acid or LA.
A concern related to spraying beef carcasses with organic acid is the reported resistance of E. coli O157:H7 to low pH (67) (68) (69) . However, several studies indicated that lactic or acetic acid sprays, when applied at 55°C, can effectively reduce levels of Salmonella sp. and E. coli O157:H7 (65, 70, 71) . Successful reduction of bacteria on meat surfaces by using organic acids or other sanitizers requires that the sanitizing solution be allowed to contact the bacterial cells. If bacteria are hidden in small knife cuts or under tissue and the organic acid cannot contact the cell, the desired antibacterial effect is unlikely.
Pittman et al. (72) tested the efficacy of LA as an initial and secondary subprimal intervention. Sections of chilled beef subprimals (beef round peeled knuckle and beef brisket flats) having 100 cm 2 of exposed lean surface were inoculated with E. coli O157:H7, non-O157 STEC, or nonpathogenic (biotype I) E. coli, the last as surrogates for E. coli O157:H7. After 30 min at 4°C to allow for bacterial attachment, sections were sprayed with LA in a custom-built spray cabinet. Treatments were applied at 1 of 16 combinations of two LA concentrations (2.0 or 5.0%), two LA temperatures (22 or 48°C), two pressures (1.03 or 4.83 bar), and two flow rates (0.22 or 6.22 liters per min). Sections were allowed to drip for 10 sec and were then vacuum packaged, sealed, and stored at 4°C until bacteria were enumerated or given a second LA treatment 24 h later. The initial application of LA spray reduced E. coli surrogate, E. coli O157:H7, and non-O157 STEC counts from 6.0 CFU per cm 2 to 3.6, 4.4, and 4.4 log CFU per cm 2 , respectively. The second application further reduced E. coli surrogate, E. coli O157:H7, and non-O157 STEC counts to 2.6, 3.2, and 3.6 log CFU per cm 2 , respectively. LA sprays were effective as both the initial and secondary treatments on beef subprimals in reducing pathogenic and nonpathogenic E. coli, as well as naturally occurring microflora.
Fouladkhah et al. (73) tested whether the six non-O157 STEC serogroups currently classified as adulterants in beef by the USDA-FSIS (O26, O45, O103, O111, O121, and O145) could be reduced on beef trimming pieces by LA treatments previously shown to be effective against E. coli O157:H7. Beef trimming samples weighing approximately 100 g were inoculated with approximately 1,000 CFU per cm 2 via micropipette and, after time was allowed for bacterial attachment (10 min at 4°C), were immersed for 30 sec in 5% LA solutions at 25 or 55°C. Treatments resulted in reductions of 0.5 to 0.9 (25°C LA) and 1.0 to 1.4 (55°C LA) log 10 CFU per cm 2 (P<0.05) for E. coli O157:H7 and non-O157 STEC. It was concluded that the LA treatment used against E. coli O157:H7 on beef trimmings should also be effective against the six non-O157 STEC serogroups.
Kalchayanand et al. (74) inoculated prerigor beef flanks to determine if antimicrobial interventions currently used by the meat industry have a similar effect in reducing non-O157 STEC serogroups O26, O45, O103, O111, O121, and O145 compared to E. coli O157:H7. The surfaces of the beef flanks were inoculated with a high (5 ×10 4 CFU per cm 2 ) or low (5 × 10 1 CFU per cm 2 ) concentration of bacteria and given 15 min at room temperature to allow for bacterial attachment. After inoculation, flanks were subjected to a 15-sec spray treatment with one of the following FSIS-approved treatments using a model spray cabinet with three oscillating spray nozzles at 60 cycles per min: acidified sodium chlorite (ASC) (1,000 ppm), peroxyacetic acid (200 ppm), LA (4%), or hot water (85°C). Surviving bacterial concentrations were determined within 10 min after treatment or after 48 h storage at 2 to 4°C. Against both high-and low-level inoculation, hot water, LA, peroxyacetic acid, and ASC ranked in this order as the most to least effective. While hot water and LA (reductions of 3.2 to 4.2 and 1.6 to 2.7 log CFU per cm 2 , respectively, for nonchilled specimens) were effective against all STEC strains (P ≤0.05), peroxyacetic acid was not effective against O111, and ASC was not effective against O26, O111, and O145. Bacterial reductions with ASC were increased by storage at 4°C for 48 h; hence, it was concluded that this compound might be a long-acting microbial inhibitor and suitable as a prepackaged meat intervention. Storage at 4°C provided little additional reduction of pathogen levels with the other treatments. The levels of reduction of non-O157 STEC achieved by these antimicrobial interventions were comparable to that of E. coli O157:H7; however, that low levels of pathogens were still detectable indicated that none of the treatments would result in their total elimination.
In an attempt to identify effective and inexpensive antimicrobial interventions that could be used in very small meat plants (i.e., <10 employees and generating average annual revenue of $2.5 million or less), the relative effectiveness of eight antimicrobial compounds (acetic acid, citric acid, LA, peroxyacetic acid, ASC, chlorine dioxide, sodium hypochlorite, and aqueous ozone) was tested (75) . These compounds were applied to beef plate piece surfaces that had been inoculated with fecal slurry containing a pathogen cocktail of STEC O157:H7, serovar Typhimurium, Campylobacter coli, and Campylobacter jejuni with small, handheld spraying equipment. The relative antimicrobial effectiveness from greatest to least was as follows: organic acids, peroxyacetic acid, chlorinated compounds, and aqueous ozone. A 2% LA rinse provided 3.5-to 6.4-log CFU/cm 2 reductions across all four bacterial populations studied.
The reduction of E. coli O157:H7 and serovar Typhimurium on beef carcass surfaces through application of ASC solutions was investigated and reported by Castillo et al. (61) . When phosphoric acid was used to acidify sodium chlorite, the resulting ASC solution reduced populations of both pathogens by 3.8 to 3.9 log cycles. However, when ASC solutions were prepared through acidification with citric acid, reductions were reported to range from 4.5 to 4.6 log cycles.
Carvacrol is a monoterpenoid phenol present as an essential oil in Origanum vulgare (oregano) and several other plants and has been shown to have activity against E. coli O157:H7 in edible apple films (76) . A study was conducted to determine whether carvacrol has activity against E. coli O157 on cattle hides and beef carcass cuts (77) . In this study, carvacrol was sprayed onto hides and beef carcass cuts at concentrations of 0, 10, 20, and 30 mg per ml. These surfaces were then inoculated with E. coli O157 at a concentration of 5 to 6 log 10 CFU per cm 2 , with 10 min allowed for bacterial attachment. After this time, the hide and carcass cut surfaces were swabbed and cultured, and surviving E. coli O157 concentrations were determined. E. coli O157 concentrations were reduced on carcass cuts and hides treated with carvacrol at 30 mg per ml by approximately 1.4 and 1.6 log 10 CFU per cm 2 , respectively (P<0.05). It was concluded that carvacrol has the potential to control E. coli O157 on bovine hide and carcass cuts, but should be further studied.
Bacteriophage
A bacteriophage product has been approved for use on red meat trim and parts intended to be ground (47) . This product was reported to eliminate 95 to 100% of E. coli O157:H7 when sprayed on the surfaces of beef (47) .
Combination Treatments
Reports have indicated that a combination of treatments, also known as a multiple hurdle treatment (14, 55, 62) , may be required during processing to reduce pathogen contamination. Numerous carcass decontamination methods have been investigated alone and in combination for their ability to reduce pathogens on meat; however, results and conclusions are varied and often contradictory. For example, Gill and Landers (78) reported that spraying beef carcasses with 2% LA, steam-vacuuming, or trimming was ineffective, and that only steam or hot water treatments substantially reduced bacterial contamination. The same authors indicated that a 200-ppm peroxyacetic acid carcass spray was likely also ineffective, but efficacy was difficult to determine due to a subsequent steam treatment.
Gill and Badoni (79) evaluated the effects of 0.02% peroxyacetic acid, 0.16% ASC, 2% LA, and 4% LA on chilled beef surfaces and determined that peroxyacetic acid and ASC produced a negligible effect on coliforms or E. coli, and both treatments were less effective than 4% LA. The authors surmised that evaluation of antimicrobial treatments may produce inconsistent results due to different types of meat surfaces to which they are applied during investigations, or that the results may be a factor of the surface microflora composition as influenced by prior antimicrobial treatments. King et al. (80) reported that peroxyacetic acid concentrations up to 600 ppm were ineffective for antimicrobial treatment of chilled inoculated beef carcass surfaces.
Elramady et al. (81) , using in vitro broth culture and cattle hide model experiments, studied the efficacy of chitosan acetate (CA), sodium dodecyl sulfate (SDS), and LA as individual treatments and in combination against E. coli O157:H7. CA is a naturally occurring substance with demonstrated antibacterial properties, and SDS is a food additive that has been shown to enhance the antibacterial effects of organic acids, hence the reason for being tested in this study. CA as a treatment consisted of 1% chitosan in 1% acetic acid solution, and the SDS treatment consisted of a 1% or 2% solution. LA was applied as a 1% solution, and the CA-SDS treatment consisted of 1% chitosan in 1% acetic acid mixed with 1% SDS. LA-SDS treatments were tested in two different concentrations, viz., 1% LA mixed with 1% SDS, and 1% LA mixed with 2% SDS. In the in vitro broth experiments, all treatments resulted in a significant reduction in survival of E. coli O157:H7. However, only 1% LA plus 1% SDS and 1% LA plus 2% SDS treatments resulted in significant reductions of E. coli O157:H7 on hides. These treatments resulted in 4.6 and 4.7 log 10 CFU per cm 2 reductions, respectively, compared to phosphate buffer control treated hides, which had 6.0 log 10 CFU per cm 2 surviving cells. The antibacterial efficacy of 1% LA was significantly enhanced when combined with 1% SDS. A low-concentration LA-SDS combination treatment as a wash may potentially reduce the risk of E. coli O157:H7 contamination on hides.
Signorini and Tarabla (82) used a stochastic simulation model to assess the effects of measures implemented in the agri-food chain to reduce the contamination of ground beef with STEC. A published risk assessment model developed in Argentina was used as baseline scenario. Control measures assessed were based on a reduction in herd prevalence of infection due to vaccination, reduction in opportunity for cross-contamination in the slaughterhouses by the introduction of an online hide-wash cabinet, and control of storage temperature in slaughterhouses, retail stores, and home. Additionally, the increase of feedlot production was modeled. Simulations suggested that the greatest potential impact was associated with hide-wash cabinet and vaccination, measures aimed to reduce the STEC prevalence and concentration in the cattle hides at the beginning of the food chain. Control of storage temperature was not effective if cross-contamination of the carcasses with the pathogen was not prevented or reduced. An increased production (fattening) of cattle in feedlots may raise the risk of STEC infection and its sequelae. This information can be used as a basis for measures of risk management.
In some cases, the combination of treatments has not afforded any greater efficacy than the component treatments applied individually. For example, Bosilevac et al. (unpublished data) reported that E. coli O157 prevalence was reduced by 81% and 35% by hot water and LA treatments, respectively, but only 79% by both treatments combined.
Numerous options are available for decontaminating meat surfaces; however, none of the approved interventions are capable of eliminating the presence of pathogens. Frequently, processors in the meat industry use several redundant intervention technologies in an attempt to decrease risk of pathogen contamination, but a guarantee of complete absence of bacterial contamination is not possible (15, 16) . Proper end-user handling of meat products is required for assurance of safety. Research continues to seek novel interventions in an attempt to assist meat processors minimize or eliminate enteric origin pathogens, as well as unknown and emerging food-borne pathogens.
HACCP SYSTEMS AND VALIDATION
All U.S. establishments producing raw beef products are required to use HACCP to control contamination with food-borne pathogens such as the STEC strains that have been declared adulterants by the USDA-FSIA. To meet these requirements, slaughter establishments have implemented a variety of carcass decontamination procedures such as critical control points (CCPs) that are essential to the safety of beef. In the last quarter of 2002, the USDA-FSIS issued a notice reminding slaughter establishments that all CCPs must be validated to ensure they can successfully prevent, eliminate, or reduce STEC O157:H7. The regulatory agency indicated that until establishments have collected data to demonstrate that CCPs function properly under actual in-plant conditions, the effectiveness of the CCP would be considered theoretical and not validated. The FSIS also noted that many establishments have not validated CCPs based on actual in-plant conditions.
Microbiological testing can play a unique role in verification and validation activities. Detection of foodborne pathogens is not considered to be an effective tool for monitoring CCPs within a slaughter or processing HACCP plan. Pathogens are often absent from carcass surfaces and, when present, their uneven distribution makes it difficult to obtain a truly representative sample. In contrast, microbiological testing can be applied within a HACCP plan to validate and verify the effectiveness of carcass decontamination procedures.
Because of the difficulty in consistently finding and documenting reductions of levels of enteric pathogens on carcass surfaces, an ideal solution can be the use of nonpathogenic surrogate bacteria that are capable of indicating the probable reduction of pathogens. Surrogate bacteria are required to have very similar growth and resistance characteristics to the pathogens of concern. After known amount of the surrogate is inoculated to a carcass surface, the effectiveness of a CCP can be validated by comparing surviving levels of the surrogate on the carcass surface following the processing step.
Although verification and validation of HACCP systems may initially seem intimidating, careful thought and planning can make the process logical, reasonable, and extremely helpful. Assistance is available through many tools, such as rapid microbiological tests, extensive publication of research results in the scientific literature, and numerous HACCP experts. The human tendency is to find a single tool that works and use it to excess; however, successful verification and validation will most likely be attained through the utilization of as many of the tools as possible. Regular challenging of the validity of a HACCP system through verification will only serve to strengthen confidence in the ability of the process to control hazards.
